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The YTA10±12 Complex, an AAA Protease
with Chaperone-like Activity
in the Inner Membrane of Mitochondria
Heike Arlt, Raimund Tauer, Horst Feldmann, Yta10p has been identified as a candidate for such an
activity (Pajic et al., 1994). Deletion of YTA10 leads toWalter Neupert, and Thomas Langer
strongly reduced proteolysis of nonassembled polypep-Institut fuÈ r Physiologische Chemie
tides. A consensus binding site for ATP and a HEXXHUniversitaÈ t MuÈ nchen
motif, characteristic for metallopeptidases of the ther-80336 MuÈ nchen
molysin family, resides in the matrix-localized domainFederal Republic of Germany
of Yta10p. Therefore, a direct role of Yta10p in the degra-
dation of membrane-associated proteins has been pro-
posed (Pajic et al., 1994).Summary
Yta10p belongs to a family of highly conserved
ATPases, members of which are involved in a varietyThe mitochondrial members of the highly conserved
of cellular processes (Confalonieri and Duguet, 1995).AAA family, Yta10p and Yta12p, constitute a mem-
Within this AAA (ªAAAº for ATPases associated with abrane-embedded complex of about 850 kDa. As an
variety of cellular activities) family, Yta10p shares con-ATP dependent metallopeptidase (AAA protease), the
siderable sequence similarity to two other mitochondrialYTA10±12 complex mediates the degradation of non-
proteins in S. cerevisiae, Yta12p (53% identity; Schnall
assembled inner membrane proteins. In contrast to
et al., 1994; Tzagoloff et al., 1994) and Yme1p (27%
nucleotide-dependent complex formation and sub- identity; Thorsness et al., 1993). Furthermore, Yta10p is
strate binding, proteolysis of bound polypeptides de- related to chloroplast Pftf (28% identity; Hugueney et
pends on the hydrolysis of ATP and the metallopepti- al., 1995) and to E. coli FtsH (31% identity; Tomoyasu
dase activity of both subunits. Independent of its et al., 1993). In contrast to other homologs of the AAA
proteolytic function, the chaperone-like activity of family, a consensus binding site for divalent metal ions
the YTA10±12 complex is required for assembly of characteristic of metal-dependent proteases (Rawlings
the membrane-associated ATP synthase. We propose and Barrett, 1995) is highly conserved among these pro-
that proteolytic and chaperone-like activities in the teins, suggesting that they have peptidase activity. In-
YTA10±12 complex mediate assembly and degrada- deed, E. coli FtsH has recently been demonstrated to
tion processes of membrane protein complexes and mediate the degradation of the heat-shock±specific
thereby exert key functions in the maintenance of transcription factor s32 and of unassembled SecY pro-
membrane integrity. tein (Herman et al., 1995; Kihara et al., 1995; Tomoyasu
et al., 1993). Yme1p was originally identified in a screen
for mutants having an increased DNA escape from mito-Introduction
chondria (Thorsness et al., 1993). Cells lacking YME1
fail to grow on nonfermentable carbon sources at 378CProtein degradation within the cell often requires meta-
and accumulate mitochondria with abnormal morphol-bolic energy derived from ATP hydrolysis. Various ATP
ogy (Campbell et al., 1994). More recently, Yme1p hasdependent proteases have been characterized in pro-
also been identified in a screen for mutants deficientkaryotic and eukaryotic cells that mediate protein turn-
in the degradation of nonassembled subunit 2 of theover and degradation of short-lived regulatory proteins
cytochrome c oxidase, providing first evidence for a(Goldberg, 1992; Gottesman and Maurizi, 1992; Ciecha-
proteolytic activity of Yme1p within mitochondria (Nakainover, 1994; Jentsch and Schlenker, 1995). In eukaryotic
et al., 1995; Pearce and Sherman, 1995).cells, energy-dependent proteolysis is not restricted to
A peptidase activity of Yta12p (Rca1p) has so far notthe cytosol. ATP dependent proteases have also been
been reported. Interestingly, deletion of YTA10 (AFG3)
identified in organelles and fulfill key functions in bioge-
or of YTA12 (RCA1) causes a rather similar phenotype
netic processes.
(Guelin et al., 1994; Tauer et al., 1994; Tzagoloff et al.,
This is exemplified bythe autonomousproteolytic sys-
1994; Paul and Tzagoloff, 1995). Cells lacking either pro-
tem of mitochondria. An ATP dependent protease has tein are still capable of synthesizing mitochondrial pro-
been identified in the mitochondrial matrix that is highly teins but fail to grow on nonfermentable carbon sources
homologous to the Escherichia coli Lon protease (De- and exhibit deficiencies in mitochondrial respiratory and
sautels and Goldberg, 1982; Wang et al., 1993; Suzuki ATPase complexes. This suggests a role for Yta10p and
et al., 1994; van Dyck et al., 1994). The inner membrane Yta12p in the assembly or maintenance of these com-
of mitochondria also harbors an ATP dependent prote- plexes.
ase activity. This was found in studies of the stability of In the present study, a heterooligomeric protein com-
mitochondrial translation products. In the mitochondrial plex of about 850 kDa, composed of multiple copies
genome in Saccharomyces cerevisiae, seven out of of Yta10p and Yta12p, has been identified in the inner
eight genes are subunits of respiratory chain complexes membrane of mitochondria. This complex is required
and, thus, integral parts of the mitochondrial inner mem- for assembly of the ATP synthase and mediates the
brane (Tzagoloff and Myers, 1986; Grivell, 1989). In the degradation of nonassembled polypeptides in the inner
absence of a supply of nuclear encoded subunits, non- membrane. Therefore, the YTA10±12 complex com-
assembled polypeptides are subject to rapid proteolysis prises a quality control system in the mitochondrial inner
by an ATP dependent metallopeptidase (Kalnov et al., membrane that ensures the maintenance of functional
membrane-embedded protein complexes.1979; Pajic et al., 1994; Yasuhara et al., 1994). Recently,
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Figure 1. Yta10p and Yta12p Form a High Molecular Mass Complex in the Mitochondrial Inner Membrane
(A) Superose 6 gel chromatography of detergent extracts of wild-type (closed circle, closed box), Dyta12 (open circle), and Dyta10 (open box)
mutant mitochondria in the presence of ATP. Yta10p (closed circle, open circle) and Yta12p (closed box, open box) were detected in eluate
fractions by Western blot analysis, using the enhanced chemiluminescence system. Protein amounts, determined by laser densitometry, are
given as percent of Yta10p and Yta12p in the eluate (ªtotalº). Hsp60 (840 kDa) and cytochrome b2 (ªcyt b2,º 250 kDa) were used as standards
for calibration.
(B) Coimmunoprecipitation of Yta10p and Yta12p after fractionation of 35S-labeled mitochondrial extracts by sizing chromatography.
35S-labeled mitochondria (800 mg protein) were solubilized in buffer A containing 1 mM ATP and fractionated by Superose 6 gel chromatography.
A portion (4%) of each fraction was removed and, after precipitation with TCA (12.5%), analyzed by SDS±PAGE and autoradiography. Peak
fractions of Yta10p and Yta12p were determined in the eluate by immunostaining (data not shown). The remaining part of eluate fractions
was divided into halves and subjected to coimmunoprecipitation with preimmune (not shown) or affinity-purified Yta10p-specific antibodies.
The analysis of the immunoprecipitates by SDS±PAGE and autoradiography is shown in the upper panel. 35S-labeled Yta10p (open circle) and
Yta12p (closed box) in the immunoprecipitates were quantified by laser densitometry.
Mitochondrial AAA Protease
877
chondrial inner membrane protein that exposed a largeResults
domain to the intermembrane space (Figure 1D). We
concluded that Yta12p was arranged in the mitochon-Yta10p and Yta12p Form an 850 kDa Complex
drial inner membrane similarly to Yta10p. The amino-in the Mitochondrial Inner Membrane
terminus and a large carboxy-terminal domain con-In order to determine the native molecular mass of
taining the consensus binding sites for ATP and divalentYta10p, gel filtration experiments were performed after
metal ions were facing the mitochondrial matrix space.solubilization of mitochondrial membranes with Triton
X-100 in the presence of ATP. The eluate was analyzed
by Western blot, using Yta10p-specific polyclonal anti- Formation of the YTA10±12 Complex
bodies. Yta10p was recovered from the column in two Is ATP Dependent
peaks corresponding to apparent native molecular The 850 kDa complex of Yta10p and Yta12p was only
masses of approximately 850 kDa and 250 kDa (Figure observed when ATP was present during sizing chroma-
1A). Further analysis of eluate fractions by immunoblot- tography (Figure 2A). In the absence of ATP, both pro-
ting revealed that Yta12p cofractionated with Yta10p teins were exclusively recovered from the column at a
during gel filtration, raising the possibility that both pro- molecular mass of about 250 kDa (Figure 2A). To unravel
teins were part of the same complex. When the native the role of nucleotides for the integrity of the YTA10±12
molecular mass of Yta10p was analyzed in Dyta12 mu- complex, a series of coimmunoprecipitation experi-
tant mitochondria, Yta10p eluted in a single peak corre- ments were carried out after solubilization of mitochon-
sponding to 250 kDa (Figure 1A). Conversely, Yta12p dria in Triton X-100. In the presence of ATP, but not
did not form an 850 kDa complex in Dyta10 mutant in its absence, Yta12p was immunoprecipitated using
mitochondria (Figure 1A). Thus, formation of the 850 kDa Yta10p-specific antibodies, and Yta10p was precipi-
forms of Yta10p and Yta12p apparently depended on tated using Yta12p-specific antiserum (Figure 2B). IfATP
the presence of both proteins, suggesting a direct inter- was replaced by the nonhydrolysable ATP analogs
action. ATPgS or AMP±PNP, by ADP, or by GTP in the immuno-
In order to demonstrate in an unambiguous fashion precipitation buffer, coimmunoprecipitation of Yta10p
complex formation between Yta10p and Yta12p, yeast and Yta12p was observed regardless of the nucleotide
cells were metabolically labeled with 35S-sulfate, and provided (Figure 2B). Thus, the integrity of the YTA10±12
mitochondria were isolated, solubilized in Triton X-100, complex required the presence of nucleotides but not
and fractionated by sizing chromatography. Fractions the hydrolysis of ATP.
were then treated with affinity-purified antibodies di- The nucleotide dependence of complex formation
rected against Yta10p. A 95 kDa band was immuno- was also analyzed in intact mitochondria. Matrix ATP
precipitated with Yta10p-specific antisera from frac-
levels were manipulated, and then mitochondria were
tions containing the 850 kDa complex (Figure 1B), which
lysed in the presence of ATP. The integrity of the
was identified as Yta12p by immunoblotting (data not
YTA10±12 complex was assessed by coimmunoprecipi-shown). This demonstrated the existence of a complex
tation using Yta10p- or Yta12p-specific antisera (FigurebetweenYta10p and Yta12p,with anapparent molecular
2C). At normal concentrations of matrix ATP, Yta10pmass of 850 kDa.
and Yta12p were recovered in a complex, whereas noOther proteins in addition to Yta12p were not detected
coimmunoprecipitation was observed at low matrix±in the anti-Yta10p immunoprecipitates (Figure 1C). Ap-
ATP levels (Figure 2C). Thus, the YTA10±12 complexparently, the 850 kDa complex was comprised of multi-
formed at high ATP concentrations within intact mito-ple copies of Yta10p and Yta12p. Equimolar amounts
chondria and dissociated upon ATP depletion.of both proteins seemed to form the YTA10±12 complex,
as identical amounts of 35S-labeled Yta10p and Yta12p
Yta10p and Yta12p Are ATP Dependentwere precipitated from mitochondrial detergent ex-
Metallopeptidases Essential for thetracts with Yta12p- or Yta10p-specific antisera (data
Degradation of Membrane-Bound Polypeptidesnot shown). On the other hand, nonassembled 250 kDa
In order to unravel a potential role of Yta12p in theYta10p was not found in association with other proteins,
degradation of membrane-associated polypeptides, mi-suggesting that the 250 kDa forms of Yta10p and Yta12p
tochondria were isolated from wild-type and Dyta12 mu-represented homooligomers (Figure 1C).
tant cells, and mitochondrially encoded proteins wereSubmitochondrial fractionation studies identified
synthesized in organello in the presence of limiting con-Yta12p as an integral component of the mitochondrial
centrations of puromycin. The proteolytic breakdowninner membrane (Figure 1D). After disruption of the mito-
of nonassembled polypeptides was then analyzed bychondrial outer membrane by hypotonic swelling,
trichloroacetic acid (TCA) precipitation and quantitationYta12p remained resistant to externally added protein-
ase K (Figure 1D). This is in contrast to TIM23, a mito- of radioactivity released into the supernatant fraction.
(C) Yta10p and Yta12p were the sole constituents of the 850 kDa complex. The 850 kDa form (eluted at 12.5 ml) and the 250 kDa form (eluted
at 15 ml) of Yta10p were precipitated with preimmune serum or with affinity-purified Yta10p-specific antibodies as in (B) and analyzed by
SDS±PAGE and autoradiography.
(D) Submitochondrial localization of Yta12p. Mitochondria and mitoplasts, generated by hypotonic swelling, were incubated for 30 min at 48C
in the presence or absence of 50 mg/ml proteinase K (PK). For lysis, Triton X-100 was added to a final concentration of 0.1%. Mitoplasts were
subjected to alkaline extraction (Na2CO3) and split by centrifugation for 60 min at 226,000 3 g into pellet (P) and supernatant (S) fraction.
Mitochondrial fractions were analyzed by SDS±PAGE and Western blot analysis, using specific antisera directed against Yta12p, Yta10p,
cytochrome c peroxidase (CCPO), a soluble constituent of the intermembrane space, translocase of mitochondrial inner membrane protein
23 (TIM23), and mitochondrial GrpE (Mge1p), localized in the matrix space.
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Newly synthesized polypeptides were subject to rapid
proteolysis within wild-type mitochondria, but degrada-
tion was inhibited in the absence of Yta12p (Figure 3A).
Thus, in addition to Yta10p, Yta12p was required for
the ATP dependent degradation of polypeptides in the
mitochondrial inner membrane.
Both subunits of the YTA10±12 complex may exhibit
proteolytic activity. Alternatively, inhibition of proteoly-
sis of membrane-bound polypeptides in the absence of
either Yta10p or Yta12p may be the consequence of
impaired complex formation accompanied by the inacti-
vation of a single catalytically active subunit. To distin-
guish between these possibilities, the putative active-
site glutamic acid in the consensus binding site for
divalent metal ions, HEXXH, was replaced by glutamine
in Yta10p (at position 559) and in Yta12p (at position 614)
by site-directed mutagenesis (YTA10E559Q, YTA12E614Q).
Mutant and wild-type proteins were expressed in yeast
cells lacking either Yta10p or Yta12p.Mitochondria were
then isolated, and the stability of newly synthesized
nonassembled polypeptides in the inner membrane
was assessed. Expression of Yta12E614Qp did not restore
the degradation of incompletely synthesized polypep-
tides in the absence of Yta12p (Figure 3A). Proteolysis
in Dyta10 mutant mitochondria remained inhibited
when Yta10E559Qp was present (Figure 3B). In contrast,
degradation of nonassembled polypeptides occurred in
Dyta10 and Dyta12 mutant mitochondria complemented
by the respective wild-type protein (data not shown).
Thus, the integrity of the HEXXH metal binding motif in
Yta10p and Yta12p was essential for proteolytic activity,
identifying both subunits as metallopeptidases.
Does complex formation of Yta10p and Yta12p de-
pend on their proteolytic activity? Yta10E559Qp and the
Figure 2. Formation of the 850 kDa Complex of Yta10p and Yta12p
Is Nucleotide-Dependent
(A) Superose 6 gel chromatography of mitochondrial extracts in the
presence (closed circle, closed box) or absence (open circle, open
box) of 1 mM ATP. Yta10p (closed circle, open circle) and Yta12p
(closed box, open box) were determined in the eluate as described
in Figure 1.
(B) Coimmunoprecipitation of Yta10p and Yta12p in the presence
of various nucleotides. Mitochondria (200 mg protein) were solubi-
lized in buffer B that was supplemented with 5 mM of the respective
nucleotide, as indicated. After a clarifying spin, extracts were sub-
jected to coimmunoprecipitation with Yta10p- and Yta12p-specific
antisera, as described in Experimental Procedures. Yta10p or
Yta12p were not precipitated with preimmune serum (data not
shown).
(C) Association of Yta10p and Yta12p within intact mitochondria
required high levels of ATP. To vary ATP levels, mitochondria (300
mg protein) were incubated for 15 min at 308C in import buffer (0.5
M sorbitol, 80 mM KCl, 10 mM Mg-acetate, 2 mM K-phosphate,
2 mM MnCl2, 3% fatty acid free bovine serum albumin, 50 mM
HEPES´KOH [pH 7.2]) supplemented with 1 mM ATP (lanes 1 and
3) or 20 mM oligomycin and 40 U/ml apyrase (lanes 2 and 4), at a
concentration of 0.4 mg/ml. Mitochondria were reisolated by centrif-
ugation for 10 min at 9000 3 g, washed twice with 1 ml SHKCl
buffer, and then resuspended in buffer B containing 1 mM ATP at
a concentration of 0.2 mg/ml. Samples were incubated for 15 min
at 48C under vigorous mixing and centrifuged for 15 min at 90,000 3
g. The supernatant was divided into three aliquots and subjected
to coimmunoprecipitation with Yta10p- and Yta12p-specific antise-
rum or preimmune serum (not shown). Precipitated proteins were
analyzed by SDS±PAGE and immunostaining, using antisera di-
rected against Yta12p (upper panel) or Yta10p (lower panel).
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wild-type control Yta10p were synthesized in rabbit re-
ticulocyte lysate in the presence of 35S-methionine and
imported into Dyta10 mutant mitochondria (Figure 3C).
After completion of import, mitochondria were solubi-
lized with Triton X-100 in the presence of ATP, followed
by immunoprecipitation using Yta12p-specific antibod-
ies. Newly imported Yta10E559Qp was efficiently coprecip-
itated with preexisting Yta12p within mitochondria, as
was wild-type Yta10p (Figure 3C). Similar results were
obtained when Yta12E614Qp was imported into Dyta12
mutant mitochondria, followed by immunoprecipitation
with Yta10p-specific antibodies (data not shown). Thus,
proteolytically inactive subunits assembled into the
YTA10±12 complex, excluding the possibility that inhibi-
tion of proteolysis in the presence of Yta10E559Qp or
Yta12E614Qp was a consequence of impaired complex for-
mation.
Interaction of Substrate Proteins
with the YTA10±12 Complex
Substrate binding to the YTA10±12 complex was ana-
lyzed by chemical cross-linking in further experiments.
Mitochondrial protein synthesis was carried out in orga-
nello, as described. After inhibition of translation by
puromycin, mitochondria were subjected to chemical
cross-linking using 1,5-difluoro-2,4-dinitrobenzene. Mi-
tochondria were then solubilized, and immunoprecipita-
tion with Yta10p and Yta12p-specific antisera was
performed (Figure 4A). Cross-linked products were de-
tected with apparent molecular massesbetween 70±100
kDa for Yta10p and 95±125 kDa for Yta12p. The electro-
phoretic mobility of the smallest cross-linked products
was very similar to those of Yta10p and Yta12p, sug-
gesting also the binding of rather short peptides. No
cross-linked products were precipitated with preim-
mune serum (Figure 4A) or with antibodies against other
integral membrane proteinssuch as the ADP/ATP carrier
or TIM23 (data not shown). When mitochondria were
(B) Yta10E559Qp did not mediate the degradation of polypeptides in
the mitochondrial inner membrane. Proteolysis of 35S-labeled mito-
chondrial translation products was monitored in wild-type (open
triangle), Dyta10 mutant mitochondria (open circle), and Dyta10 mu-
tant mitochondria containing Yta10E559Qp (closed circle) as in (A).
(C) Newly imported Yta10E559Qp formed a complex with preexisting
Yta12p. Yta10E559Qp was synthesized in rabbit reticulocyte lysate in
the presence of 35S-methionine. Dyta10 mutant mitochondria (250
mg) were resuspended in import buffer containing 5 mM NADH and
2.5 mM ATP at a concentration of 0.5 mg/ml. For a control, Dyta10
mutant mitochondria (100 mg) were resuspended in import buffer
supplemented with 0.5 mM valinomycin to dissipate the membrane
potential (lanes 1 and 2). Reticulocyte lysate was added to a final
Figure 3. Yta10p and Yta12p Are ATP Dependent Metallopepti- concentration of 10% (v/v), and import was performed for 15 min
dases in the Mitochondrial Inner Membrane at 258C. Import was stopped by the addition of 0.5 mM valinomycin.
(A) Degradation of polypeptides in the mitochondrial inner mem- Aliquots corresponding to 50 mg mitochondria were withdrawn
brane requires Yta12p. Mitochondrial translation products were la- (lanes 1 and 3). The remaining sample was further incubated for 20
beled in wild type (open triangle), Dyta12 mutant mitochondria (open min at 48C in the presence of 50 mg/ml trypsin to digest nonimported
box) and in Dyta12 mutant mitochondria containing Yta12E614Qp precursor protein. The protease was blocked by adding a 10-fold
(closed box). Mitochondria were resuspended in translation buffer molar excess of soybean trypsin inhibitor. After removal of a further
and incubated at 378C. At the timepoints indicated, aliquots were aliquot (lanes 2 and 4), mitochondria were reisolated by centrifuga-
withdrawn and radioactivity released into the TCA soluble fraction tion for 10 min at 9000 3 g, washed with 0.5 ml SHKCl buffer
was measured, as described in Experimental Procedures. Total ra- containing trypsin inhibitor (0.6 mg/ml), and resuspended in buffer
dioactivity in the TCA soluble and insoluble fraction at various time- B supplemented with 1 mM ATP. The supernatant of a clarifying
points was set to 100%. Newly synthesized polypeptides were spin was then divided into halves and subjected to coimmunopreci-
tightly associated with the inner membrane and resistant to alkaline pitation using preimmune serum or Yta12p-specific antiserum (lanes
or urea extraction prior to proteolysis (data not shown). 5 and 6).
Cell
880
Figure 4. Substrate Binding to the YTA10±12
Complex
(A) Cross-linking of substrate polypeptides to
Yta10p and Yta12p. Mitochondria (100 mg)
containing labeled mitochondrial translation
products were incubated for 15 min at 48C
(minus Chase) or 378C (plus Chase) and then
subjected to chemical cross-linking when in-
dicated. For a reference, aliquots were with-
drawn (ªcontrolº). Polypeptides cross-linked
to Yta10p or Yta12p were isolated by im-
munoprecipitation, as described in Experi-
mental Procedures, and analyzed by SDS±
PAGE. Noncross-linked Yta10p and Yta12p
migrated during electrophoresis as indicated.
(B) Substrate binding was impaired in Dyta10
and Dyta12 mutant mitochondria. Mitochon-
drial translation was performed in isolated
wild-type (WT), Dyta10, and Dyta12 mutant
mitochondria (100 mg) followed by extensive
washing of mitochondria and chemical cross-
linking. To correct for differences in transla-
tion efficiency, the amount of protein sub-
jected to immunoprecipitation was adjusted
according to the incorporated radioactivity.
Yta10p- or Yta12p-specific cross-link prod-
ucts were detected by immunoprecipita-
tion and SDS±PAGE and quantified employ-
ing a phosphorimaging system. Polypeptides
cross-linked to Yta10p or Yta12p in wild-type
mitochondria were set to 100%.
(C) Substrate polypeptides interacted with
the YTA10±12 complex. After synthesis of mi-
tochondrially encoded proteins and cross-
linking, mitochondria (800 mg) werereisolated
and lysed in buffer A containing 1 mM ATP.
After a clarifying spin, solubilized mitochon-
drial proteins were fractionated by Superose
6 gel chromatography. 10% of each fraction
was analyzed by SDS±PAGE. Peak fractions
of Yta10p eluted at 12±13 ml (850 kDa) or at
14.5±15.5 ml (250 kDa), as demonstrated by
immunoblotting (not shown). Yta10p-con-
taining fractions were precipitated with TCA
(12.5%), resuspended in 60 ml of 1% SDS, 5
mM phenylmethylsulfonyl fluoride, 100 mM
Tris±HCl (pH 7.4) under vigorous shaking for
10 min at room temperature, and subse-
quently diluted 20-fold with buffer C. After a clarifying spin for 10 min at 25,000 3 g, 10% of each fraction was removed (ªcontrolº). The
remaining samples were subjected to immunoprecipitation with preimmune serum (not shown) or Yta10p-specific antibodies that have been
covalently linked to Protein A±sepharose. Noncross-linked Yta10p migrated during electrophoresis as indicated.
(D) Degradation and release of polypeptides bound to the YTA10±12 complex requires ATP hydrolysis. After labeling of mitochondrial translation
products, mitochondria (100 mg) were reisolated by centrifugation for 10 min at 9000 3 g, washed three times in wash buffer (1ml) supplemented
with 1 mM ATP or AMP±PNP, and resuspended in translation buffer containing 1 mM ATP or AMP±PNP at a concentration of 1.2 mg
mitochondrial protein/ml. Samples were incubated for 15 min at 48C (minus Chase) or at 378C (plus Chase) and subsequently subjected to
cross-linking. An aliquot corresponding to 10% of the samples was withdrawn for a reference (ªcontrolº). Yta10p-specific cross-link products
were identified by immunoprecipitation.
(E) Substrate polypeptides remained associated with proteolytically inactive YTA10±12 complexes. Mitochondrially encoded proteins were
labeled in wild-type mitochondria (WT), Dyta10 mutant mitochondria containing Yta10E559Qp, and Dyta12 mutant mitochondria containing
Yta12E614Qp. Samples were incubated for 15 min at 48C (minus Chase) or at 378C (plus Chase), followed by extensive washing of mitochondria
and chemical cross-linking. Incorporated radioactivity was measured to determine translation efficiency. The amount of protein that was used
in the subsequent immunoprecipitation with Yta10p- and Yta12p-specific antiserum was adjusted according to the incorporated radioactivity.
Immunoprecipitates were analyzed by SDS±PAGE and autoradiography and quantified using a phosphorimaging system. The amount of
polypeptides cross-linked to Yta10p or Yta12p prior to chase was set to 100%.
first incubated to allow proteolysis to occur and subse- or Dyta12 mutant mitochondria, suggesting that poly-
peptide binding occurred selectively to assembledquently subjected to cross-linking, no binding of sub-
strate polypeptides to Yta10p or Yta12p was observed Yta10p and Yta12p (Figure 4B). To demonstrate directly
the association of substrate polypeptides with the(Figure 4A). Thus, Yta10p and Yta12p interacted tran-
siently with polypeptides during proteolysis. YTA10±12 complex, mitochondria with 35S-labeled mito-
chondrial translation products were solubilized afterBinding of polypeptides was not observed in Dyta10
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cross-linking, and then fractionation by sizing chroma-
tography was performed. Eluate fractions containing
Yta10p and Yta12p were identified by immunoblotting
and subjected to immunoprecipitation with antibodies
raisedagainst Yta10p. The majorityof newly synthesized
polypeptides eluted at lower molecular masses from the
gel filtration column (Figure 4C). However, the cross-
linked products were almost exclusively precipitated
with Yta10p-specific antibodies in fractions containing
the YTA10±12 complex (Figure 4C). Thus, polypeptide
binding occurred to the assembled Yta10p, identifying
the YTA10±12 complex as the active protease.
Stable Association of Nonnative Polypeptides
with the YTA10±12 Complex
The degradation of polypeptides associated with the
YTA10±12 complex depended on the hydrolysis of ATP.
When mitochondria containing radiolabeled translation
products were incubated in the presence of ATP before
chemical cross-linking, substrate polypeptides were de-
graded, and binding to Yta10p was not observed (Figure
Figure 5. The Integrity of the HEXXH Binding Motif in Yta10p and4D). Proteolysis by the YTA10±12 complex was found
Yta12p Is Not Required for Respiratory Competenceto be inhibited, however, when incubation was per-
Cultures of wild-type, Dyta10 mutant cells, and Dyta10 mutant cellsformed in the presence of the nonhydrolysable ATP ana-
expressing Yta10p or Yta10E559Qp (upper panel) and of wild-type,logue AMP±PNP instead of ATP (Figure 4D). Under these
Dyta12 mutant cells, and Dyta12 mutant cells expressing Yta12p or
conditions, the integrity of the YTA10±12 complex was Yta12E614Qp (lower panel) were grown on synthetic medium supple-
preserved (see above), and polypeptides remained as- mented with 2% glucose at 308C. 10-fold serial dilutions of logorith-
sociated with the complex (Figure 4D). Apparently, as- mically growing cultures were spotted onto synthetic medium con-
taining 2% glycerol and incubated at 378C for 2 days.sembled Yta10p and Yta12p have binding affinity for
nonnative polypeptides in the absence of ATP hydro-
lysis. Yta10p and Yta12p Exert Chaperone-like Function
Substrate binding to proteolytically inactive mutant During the ATP Synthase Assembly
YTA10±12 complex was analyzed in furtherexperiments. The binding affinity of the YTA10±12 complex for nonna-
Radioactive labeling of translation products was per- tive polypeptides pointed to a chaperone-like activity
formed within mitochondria containing Yta10E559Qp or of the complex in the mitochondrial inner membrane, in
Yta12E614Qp, and then chemical cross-linking was carried addition to its proteolytic function. To obtain further
out. Polypeptides were associated with the mutant evidence for such an activity, we analyzed the assembly
YTA10±12 complex in the same manner as observed of the ATP synthase. In Dyta10 or Dyta12 mutant cells,
with the wild-type complex (Figure 4E). Thus, substrate a reduced ATP synthase activity and a lower abundance
binding to the YTA10±12 complex is independent of its of the membrane-associated subunits 6 and 9 of the F0
proteolytic activity. However, incontrast to the observed moiety has been observed previously (Paul and Tzago-
transient interaction during proteolysis, polypeptides re- loff, 1995). In order to unravel a potential function of the
mained with the mutant YTA10±12 complex even in the YTA10±12 complex during ATP synthase assembly, we
presence of hydrolysable ATP (Figure 4E). took advantage of the earlier observation that a 48 kDa
assembly intermediate formed by the mitochondrially
Respiratory Competence Does Not Depend encoded F0 ATPase subunit 9 (ATPase 9) is resistant to
on the Integrity of the HEXXH Motif disruption by SDS but sensitive to TCA precipitation
in Yta10p and Yta12p (Tzagoloff and Akai, 1972; Herrmann et al., 1994). There-
Yta10p and Yta12p are essential for respiration of yeast fore, formation of the 48 kDa complex of ATPase 9 can
cells (Guelin et al., 1994, Tauer et al., 1994; Tzagoloff et be monitored by SDS±polyacrylamide gel electrophore-
al., 1994). Similar to a strain lacking either YTA10 or sis (SDS±PAGE). To increase the pools of assembly-
YTA12, a Dyta10Dyta12 mutant strain was respiratory- competent precomplexes within mitochondria, yeast
deficient but maintained mitochondrial DNA and re- cells were exposed to chloramphenicol before isolating
mained viable at 378C (data not shown). Surprisingly, mitochondria (Herrmann et al., 1994). Mitochondrially
respiratory competence of Dyta10 or Dyta12 mutant encoded proteins were synthesized in the absence of
cells was restored at 308C and 378C upon expression puromycin. After inhibition of translation, samples were
of Yta10E559Qp or Yta12E614Qp, respectively (Figure 5). Al- further incubated to allow the formation of the 48 kDa
complex from nonassembled newly synthesizedthough a residual activity of the YTA10±12 complex after
mutating the proteolytic center of one subunit could not ATPase 9 (Figure 6A). The 48 kDa complex accumulated
at significantly reduced levels in Dyta10 and Dyta12 mu-be ruled out, the peptidase activity of Yta10p or Yta12p
seemed not to be essential for maintenance of cell tant mitochondria when compared to wild-type mito-
chondria (Figure 6A). The formation of the 48 kDagrowth on nonfermentable carbon sources, pointing to
additional functions of the YTA10±12 complex in mito- complex was not affected in unrelated respiratory-in-
competent mutant mitochondria, excluding an indirectchondrial biogenesis.
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effect due to the petite phenotype of Dyta10 and Dyta12
mitochondria (data not shown). Interestingly, the defi-
ciency in theATPase 9 assembly in mitochondria lacking
either Yta10p or Yta12p was restored upon expression
of the mutant form of the respective protein (Figure 6A).
Formation of the48 kDa complex of ATPase 9 apparently
required the presence of the YTA10±12 complex but
was independent of its proteolytic activity. Thus, in
agreement with the observed stable association of non-
native polypeptides, the YTA10±12 complex exerted
chaperone-like activity during the assembly of the mem-
brane-embedded F0 moiety of the ATP synthase.
The YTA10±12 Complex Mediates the Degradation
of Nonassembled ATPase 9
To determine the fate of nonassembled ATPase 9 in
the inner membrane, mitochondrially encoded proteins
were synthesized in organello in the absence of puromy-
cin. After inhibition of translation, samples were further
incubated at 378C. Under these conditions, ATPase 9
was subject to proteolysis in wild-type mitochondria
(Figure 6B). In contrast, ATPase 9 remained stable in
the absence of Yta10p or Yta12p (Figure 6B). Expression
of either Yta10E559Qp or Yta12E614Qp in Dyta10 or Dyta12
mutant cells, respectively, did not restore the proteolytic
breakdown of ATPase 9 (Figure 6B). Similarly, newly
synthesized ATP synthase subunit 6 and cytochrome
oxidase subunit 3 were subject to proteolysis by the
YTA10±12 complex in the mitochondrial inner mem-
brane under these conditions (data not shown). These
experiments identified newly synthesized nonassem-
bled polypeptides, including ATPase 9, as proteolytic
substrates of the YTA10±12 complex. Thus, employing
ATPase 9 as a model, a dual function of Yta10p and
Yta12p became apparent: on one hand, the YTA10±12
complex was required for the proper assembly of the
ATPase 9; on the other hand, it mediated the efficient
degradation of nonassembled subunits.
Discussion
Yta10p and Yta12p, members of the highly conserved
AAA family of ATPases, form a heterooligomeric com-
plex of about 850 kDa in the mitochondrial inner mem-
brane that mediates the degradation of membrane-as-Figure 6. The YTA10±12 Complex Mediates Oligomerization of AT-
sociated polypeptides. A proteolytic activity has alsoPase 9 During Assembly of the ATP Synthase and Degrades Nonas-
been assigned to Yme1p and FtsH, homologs of Yta10psembled ATPase 9
and Yta12pin mitochondria and prokaryotes. All of these(A) Formation of the 48 kDa complex containing ATPase 9 depends
proteins can be classified as membrane-associated ATPon the presence of Yta10p and Yta12p. Mitochondrial translation
products were labeled for 10 min at 258C, as described in Experi- dependent metallopeptidases (Akiyama et al., 1995; To-
mental Procedures, in mitochondria isolated from chloramphenicol- moyasu et al., 1995; Weber et al., 1996; Leonhard et
pretreatedwild-type and mutant cells (open triangle, wild-type; open al., submitted). We call these proteins AAA proteases,
circle, Dyta10; closed circle, Dyta10/Yta10E559Qp; open box, Dyta12;
thereby defining a fourth class of ATP dependent prote-closed box, Dyta12/Yta12E614Qp). After inhibition of protein synthesis
ases distinct from both Lon- and Clp-like proteases inwith puromycin (100 mM) and after adding cold methionine (20 mM),
prokaryotes and mitochondria and from the eukaryoticsamples were further incubated at 378C to allow the assembly of
ATPase 9. At the timepoints indicated, mitochondria were reisolated 26S proteasome.
and, without prior TCA precipitation, analyzed by SDS±PAGE. For- Assembly of Yta10p and Yta12p into the YTA10±12
mation of the 48 kDa oligomer was quantified by phosphorimaging
analysis. The 48 kDa assembly intermediate is given as percent of
total newly synthesized ATPase 9.
(B) Nonassembled ATPase 9 is degraded by the YTA10±12 complex. for 30 min at 378C to allow proteolysis to occur. Degradation of
Mitochondrial translation was carried out for 10 min at 258C in mito- ATPase 9 was determined by SDS±PAGE and phosphorimaging
chondria isolated from yeast cells not treated with chloramphenicol. analysis and is given as percent of newly synthesized ATPase 9
After inhibition of protein synthesis, samples were further incubated prior to proteolysis.
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complex is crucial for proteolytic activity. Its formation efficient degradation. Interestingly, a related function
is reminiscent of other ATP dependent proteases. This has recently been proposed for the regulatory complex
includes the 26S proteasome in the eukaroytic cytosol of the 26S proteasome that harbors homologs of the
and Clp proteases in E. coli, cylinder-shaped protein AAA family of ATPases. ATP hydrolysis is thought to
complexes that harbor multiple proteolytic centers at promote unfolding and transfer of ubiquitinated sub-
the inner surface (Kessel et al., 1995; LoÈ we et al., 1995). strate proteins to proteolytic centers within the cavity
Byanalogy, the YTA10±12 complex may provide a cavity of the 26S proteasome (Jentsch and Schlenker, 1995;
at the inner surface of the mitochondrial membrane, Rubin and Finley, 1995).
allowing efficient degradation of membrane proteins in In addition to its proteolytic function, the YTA10±12
a hydrophilic environment. It is conceivable that proteol- complex exerts chaperone-like activity in the mitochon-
ysis by the YTA10±12 complex is not only restricted to drial inner membrane, as demonstrated by its require-
soluble loops of integral membrane proteins. Rather, ment for the assembly of the ATP synthase complex.
hydrophobic stretches, which act as membrane anchor Efficient formation of a 48 kDa oligomer of ATPase 9 de-
regions, might also be cleaved. The characterization of pends on the presence of the YTA10±12 complex re-
the substrate specificity of Yta10p and Yta12p will help gardless of its proteolytic activity. Assembly of ATPase
to elucidate further the mechanism of regulated proteol- 9 is critical for the formation of the membrane-embed-
ysis of membrane proteins by this AAA protease. ded F0 moiety and its interaction with the F1 part and
Both subunits of the YTA10±12 complex exert metal- is therefore of central importance for the assembly of
dependent peptidase activity. Surprisingly, mutating ei- the ATP synthase complex (Hadikusumo et al., 1988). A
ther Yta10p or Yta12p results in inactivation of the AAA chaperone-like activity of the YTA10±12 complex pro-
protease, despite the presence of an intact proteolytic vides an explanation for the surprising finding that respi-
center in the other subunit. The proteolytic activity of ratory competence of cells lacking one of the subunits
assembled Yta10p and Yta12p is, obviously, not simply of the complex is restored by a proteolytically inactive
a consequence of conformational stabilizationwithin the subunit. It remains to be elucidated whether a similar
complex. Rather, a coordinated action of both subunits chaperone function is also required for the assembly of
of this AAA protease during proteolysis has to be envi- respiratory complexes in the mitochondrial inner mem-
sioned. As indicated by cross-linking studies, release brane, whose activity is impaired in the absence of
of substrate polypeptides from the YTA10±12 complex
Yta10p and Yta12p.
apparently depends on the proteolytic activity of both
While the YTA10±12 complex is required for the as-
subunits, suggesting the simultaneous binding of a poly-
sembly of ATP synthase, it also mediates the degrada-
peptide to several subunits. Cleavage by Yta10p and
tion of nonassembled mitochondrially encoded subunitsYta12p may occur at multiple sites of the polypeptide
in the inner membrane. Thus, chaperone and proteolytic
prior to release of the degradation products, since a
function of this AAA protease comprise a quality controlmultiple array of proteolytic sites is present within the
system for the maintenance of functional protein com-YTA10±12 complex.
plexes in the mitochondrial inner membrane. In agree-High levels of ATP within mitochondria are required for
ment with these findings, a chaperone-like function dur-the formation of the YTA10±12 complex. Thus, complex
ing membrane translocation of proteins has beenassembly and, thereby, enzymatic activity, can be mod-
suggested for the AAA protease of E. coli, FtsH, in addi-ulated in response to different ATP levels within mito-
tion to its proteolytic activity (Akiyama et al., 1994).chondria. ATP binding promotes stable association of
Molecular chaperone proteins have now been identi-Yta10p and Yta12p. ATP hydrolysis, however, is essen-
fied as essential components in various proteolytic sys-tial for the degradation of inner membrane proteins by
tems. For instance, ATP dependent degradation of mis-the YTA10±12 complex. In thepresence of a nonhydroly-
folded proteins by Lon-like proteases in E. coli andsable ATP analogue, polypeptides prone to degradation
within mitochondria depends on hsp70 proteins thatremain associated with the assembled protease. Al-
stabilize polypeptides in a conformation susceptible forthough theprecise role of ATP hydrolysis during proteol-
degradation (Straus et al., 1988; Sherman and Goldberg,ysis remains to be elucidated, several possibilities can
1992; Wagner et al., 1994). Similarly, Clp-like proteins,be discussed. First, since only the stability of the com-
which are subunits of heterooligomeric Clp proteases,plex has been analyzed in the described experiments,
exhibit chaperone activity, thereby defining the sub-the energy from hydrolysis of ATP may be needed for
strate specificity of the associated proteolytic subunitinitial formation of the YTA10±12 complex. This interpre-
ClpP (Wickner et al., 1994; Wojtkowiak et al., 1993).tation implies that cycles of ATP dependent complex
The cooperation of proteolytic and chaperone activitiesassembly and dissociation occur during proteolysis.
therefore reflects an emerging general principle ofSecond, similar to certain molecular chaperone pro-
regulated protein degradation. The YTA10±12 complexteins, the release of substrate proteins from one subunit
represents a novel membrane-embedded ATP depen-of the YTA10±12 complex may be coupled to ATP hydro-
dent system, which combines these activities andlysis, thereby allowing for their rebinding and cleavage
thereby extends this principle to processes associatedby another subunit. Third, the energy from ATP hydroly-
with membranes. Thus, further characterization of thesis may berequired duringproteolysis tomake substrate
YTA10±12 complex should shed new light on the mecha-polypeptides accessible for proteolytic attack. This
nism of regulated degradation of membrane proteins bymight include partitioning of membrane-embedded
AAA proteases and, at the same time, should providepolypeptides into a hydrophilic environment. It is also
new clues on the assembly of multisubunit complexesconceivable that ATP hydrolysis is coupled to conforma-
tional changes in substrate polypeptides, allowing their in the inner membrane of mitochondria.
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Experimental Procedures supplemented with 1 mM ATP or AMP±PNP when indicated. Mito-
chondria were then resuspended in SHKCl buffer (0.6 M sorbitol,
80 mM KCl, 50 mM HEPES´KOH [pH 7.2]) at a concentration of 1Site-Directed Mutagenesis of YTA10 and YTA12
mg/ml. After addition of 1,5-difluoro-2,4-dinitrobenzene to a finalYTA10 and YTA12 were mutagenized by two-step polymerase chain
concentration of 100 mM, samples were incubated for 30 min atreaction with Pfu polymerase, according to published procedures
48C. Cross-linker was quenched with 100 mM Tris±HCl (pH 8.0).(Land et al., 1990). The base triplet GAG encoding glutamic acid
Mitochondria were reisolated and solubilized in 60 ml of 1% SDS,559 of YTA10 was replaced by CAG coding for glutamine. Similarly,
5 mM phenylmethylsulfonyl fluoride, 100 mM Tris±HCl (pH 7.4) underglutamic acid 614 of YTA12 was exchanged by glutamine mutating
vigorous shaking for 10 min at room temperature. Aliquots werethe respective condon GAG to CAG. Mutagenesis was verified by
withdrawn, and incorporated radioactivity was measured in UltimaDNA sequencing.To allow expressionin yeast, wild-type and mutant
Gold (Hewlett Packard) when indicated. Subsequently, samplesYTA10 or YTA12 were cloned as a SalI/HinDIII fragment or a BamHI/
were diluted 20-fold in buffer C (0.5% Triton X-100, 150 mM NaCl,HinDIII fragment, respectively, into YCplac111 under the control of
10 mM Tris±HCl [pH 7.4]). After a clarifying spin for 10min at 25,000 3an ADH1 promotor.
g, the supernatant fractions were subjected to immunoprecipitation
with preimmune serum or specific antiserum against Yta10p orYeast Strains and Growth Conditions
Yta12p, which had been covalently linked to Protein A±sepharose.YTA12 was disrupted by insertion of a 1.8 kb EcoRV/SmaI fragment
containing the HIS3 gene into HinDII sites of YTA12. The linearized
Miscellaneousconstruct was transformed into the yeast strain W303±D (MATa/
The following published procedures were used: mitochondrial pro-
a ade2±1/ade2±1 his3±11,15/his3±11,15 leu2,112/leu2,112 trp1/trp1
tein synthesis in organello, monitoring proteolysis of mitochondrialura3±52 /ura3±52 can1±100/can1±100), and the haploid Dyta12 mu-
translation products (Langer et al., 1995), protein import into isolatedtant strain (yta12::HIS3; RTY12±1C) was obtained by sporulation and
mitochondria (Wagner et al., 1994), subfractionation of mitochondriatetrad dissection. Disruption of YTA12 was monitored by polymer-
(Pajic et al., 1994), and affinity purification of antibodies (Harlow andase chain reaction analysis. Yeast cells were cultivated on yeast
Lane, 1988).peptone or selective medium containing 2% galactose and 0.5%
lactate at 308C or 378C, according to published procedures. For
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